Objective: To compare the metabolite profiles of venous effluent from both kidneys of individuals with unilateral atherosclerotic renal artery stenosis (ARAS) in order to directly examine how impaired renal blood flow impacts small-molecule handling in humans.
INTRODUCTION
A mong its many functions, the kidney participates in complex metabolic pathways responsible for amino acid and ammonium processing. Recently, we have used liquid chromatography-mass spectrometry (LC-MS) based metabolite profiling of plasma obtained from the aorta and renal vein of humans to broaden our view of renal small-molecule handling [1] . In addition to confirming the prior observations on the net renal uptake or release of select amino acids, our study identified several novel markers of renal metabolism and secretion [2] [3] [4] . This study, however, was limited in its ability to directly ascertain the effect of renal disease on renal metabolite handling because of the challenge in controlling for confounding variables in comparisons across individuals. For example, renal metabolite gradients could differ between individuals with different levels of kidney function based on the differences in diet, medications, or comorbidities.
Unilateral atherosclerotic renal artery stenosis (ARAS) constitutes a model in which the two kidneys of the same individual are subjected to different disease processes. Comparing the venous effluent from the stenotic (STK) and contralateral (CLK) kidneys of individuals with unilateral ARAS therefore provides an opportunity to compare potentially differential effects of ischemia and hypertension, within a similar systemic milieu, on renal metabolite handling. Our group has established a protocol to collect bilateral venous samples from humans with a range of unilateral ARAS severity, as well as essential hypertensive controls without ARAS, during controlled sodium and caloric intake and standardized antihypertensive drug treatment [5, 6] . Individuals enrolled in this protocol undergo iothalamate clearance studies, as well as Duplex ultrasound examinations of their renal vessels, computed tomography (CT) examinations of kidney volume and perfusion, and blood-oxygen-level dependent (BOLD) MRI studies of tissue oxygenation. Using this cohort, we have previously shown the impact of ARAS on inflammation, and found that both the kidneys release several cell adhesion molecules and cytokines [7] . Furthermore, we observed that levels of some inflammatory mediators like soluble E-selectin and interferon-gamma were elevated in the STK compared with the CLK vein. These observations suggest that selective collection from individual renal veins can shed light on specific intrarenal processes. However, whether distinct metabolite signatures in ARAS lateralize to one of the kidneys remain unclear. Therefore, this study was designed to test the hypothesis that the application of LC-MS-based metabolite profiling would detect differential metabolic sequelae of a unilateral reduction in renal blood flow.
METHODS

Study cohort
Patients with unilateral ARAS (n ¼ 16) or essential hypertension (n ¼ 11) participated in a 3-day inpatient protocol in the clinical research unit of Saint Mary's Hospital (Rochester, Minnesota, USA) as previously described [5, 6] . In brief, the presence of renal artery stenosis was defined by Doppler ultrasound measurements of more than 300 cm/s in the affected artery and quantitative CT angiographic measurements of more than 60% vessel occlusion. Individuals with diabetes were excluded, and all patients received either an angiotensin-converting enzyme inhibitor or angiotensin receptor blocker as part of their antihypertensive treatment during protocol studies. All participants were maintained on a 150 meq sodium, isocaloric diet prepared on site. Clinical phenotyping included measurements of glomerular filtration rate (GFR) by iothalamate clearance, blood pressure (BP), kidney volumes and perfusion by multidetector CT (MDCT), and tissue oxygenation BOLD magnetic resonance. BP was measured by automated oscillometric recordings, with three values taken three times daily (at 5, 7, and 9 min after a 5-min rest). For BOLD MRI studies, cortical and medullary deoxyhemoglobin content was measured as the relaxation coefficient (R 2Ã ), as previously described, whereby higher R
2Ã
values denote higher deoxyhemoglobin content [8] . On the final day of the protocol, each individual underwent femoral vein cannulation using a 5F Cobra cathether, and plasma samples were obtained from both renal veins under fasting conditions. Written, informed consent was obtained for each study participant and studies adhered to the Declaration of Helsinki and were approved by the Mayo Clinic institutional review board.
Metabolite profiling
Renal venous plasma samples were profiled using three distinct LC-MS-based methods. Amino acids, amino acid derivatives, urea cycle intermediates, nucleotides, and other positively charged polar metabolites were profiled using 10 ml of plasma [9] . Organic acids, sugars, bile acids, and other negatively charged polar metabolites were profiled using 30 ml of plasma [10] . Lipids, including lysophosphatidylcholines, lysophosphatidylethanolamines, phosphatidylcholines, sphingomyelins, cholesteryl esters, diacylglycerols, and triacylglyerols, were profiled using 10 ml of plasma [11] . A 
Statistical analyses
Metabolite data were ln-transformed because raw data were skewed. Two analytical approaches were used. First, we compared the renal venous metabolite levels across kidney groups, that is, venous plasma from the STKs (n ¼ 16) and CLKs (n ¼ 16) of individuals with ARAS, and from both the kidneys of essential hypertensive controls (n ¼ 22). Given the number of metabolite variables, many with significant intercorrelations, we performed partial least squares-discriminant analysis (PLS-DA) to visualize the linear components that discriminate class membership, that is, STK versus CLK versus essential hypertension. PLS-DA analysis was performed on ln-transformed and standardized metabolite peak areas using MetaboAnalyst 2.0 [12, 13] . This program performs PLS regression using the plsr function provided by the pls package in R, and classification and cross-validation using the corresponding wrapper function offered by the caret package. Variable Importance in Projection (VIP) scores generated by this program estimate the importance of each variable in the projection used in the PLS model. For the fifteen metabolites with the highest VIP scores, we compared the mean metabolite levels across the three groups using analysis of variance. Second, we compared the venous metabolite profiles within individuals with ARAS (n ¼ 16), comparing metabolite levels in the venous plasma from the STK versus the CLK. Mean metabolite levels were compared using paired t-tests. In exploratory analyses, we sorted individuals with ARAS on the basis of STK/CLK ratios for cortical perfusion (by MDCT), medullary perfusion (by MDCT), cortical R
2Ã
(by BOLD MRI), or medullary R 2Ã (by BOLD MRI). In these four separate analyses, mean metabolite levels in STK and CLK samples were compared using paired t-tests for the subset of individuals in the bottom half (n ¼ 8) of STK/CLK ratios for cortical and medullary perfusion (i.e. those with the greatest reduction in perfusion to the STKs relative to the CLKs) and the top half (n ¼ 8) of STK/CLK ratios for cortical and medullary R 2Ã (i.e., those with the greatest imbalance in oxygenation in STKs relative to CLKs). To account for 274 metabolites measured in our study, we set a Bonferroni-adjusted threshold of P less than 0.00018 (0.05/274). Across 16 paired samples, assuming equal variance, we had more than 99% power to detect a 10% difference between STK and CLK samples. Statistical tests were performed using SAS software, version 9.1.3 (SAS Institute, Cary, North Carolina, USA).
RESULTS
Clinical characteristics of the study sample are shown in Table 1 . The age of study participants ranged from 29 to 79, with a mean of 61.4 in the essential hypertension and 64.8 in the ARAS group (P ¼ 0.5). Relatively more women were included in the ARAS group, and GFR was lower in the ARAS compared with the essential hypertensive group (66.1 AE 30.9 ml/min per 1.73 m 2 versus 89.2 AE 19.9 ml/min per 1.73 m 2 , P ¼ 0.04). There were no significant differences in other measured cardiometabolic risk factors, including BMI, clinical lipid measures, or BP; by design, none of the study participants had diabetes and all participants received either an angiotensin-converting enzyme inhibitor or angiotensin receptor blocker as part of their antihypertensive treatment. The severity of stenosis in the ARAS group ranged between 52 and 89%, with a mean value of 74.9%, resulting in a mean Doppler peak systolic velocity of 360.3 AE 175.8 cm/s.
Kidney parameters, as determined by MDCT and BOLD MRI, are shown in Table 2 . Consistent with the degree of arterial stenosis in the ARAS group, STKs were significantly shorter in length compared with CLKs (P ¼ 0.02), and significantly smaller in volume compared with both CLKs (P ¼ 0.006) and essential hypertensive kidneys (P < 0.001). Total renal blood flow to STKs was reduced relative to CLKs (P ¼ 0.01) and essential hypertensive kidneys (P < 0.001); this was associated with a reduction in the cortical perfusion of STKs relative to essential hypertensive kidneys (P ¼ 0.01), although medullary perfusion was not reduced relative to CLKs or essential hypertensive kidneys. No significant differences in tissue oxygenation as measured by BOLD MRI, and no difference in venous pO 2 , were identified across the kidney classes. Finally, there was a nonsignificant trend for increased plasma renin activity in venous plasma from STKs compared with CLKs and essential hypertensive kidneys. As a result of the large number of metabolite variables, many with significant intercorrelations, we first performed PLS-DA to visualize and extract the metabolites that best separated individuals across the kidney groups. Results of PLS-DA, comparing the metabolite levels in renal venous plasma from essential hypertensive kidneys (n ¼ 22), CLKs (n ¼ 16), and STKs (n ¼ 16), are shown in Fig. 1 . STK and CLK samples were clearly distinct from essential hypertensive samples, but not from each other (Fig. 1a) . VIP score provides a score for each metabolite, so that it is possible to rank the metabolites according to their predictive power in the PLS model; the fifteen metabolites with the highest VIP scores are shown in Fig. 1b , and their levels are listed in Table 3 . For each metabolite, levels were lowest in the essential hypertensive samples, and elevated to a similar degree in the STK and CLK samples.
In addition to comparing the metabolite levels across groups (essential hypertensive kidneys, CLKs, and STKs), we examined STK versus CLK metabolite levels in each study participant with unilateral ARAS. These comparisons use each participant as his or her own control, enable paired statistical analyses, and facilitate the analysis of specific patient subsets. For each metabolite, Fig. 2 shows the mean STK/CLK ratio plotted against the corresponding P value. As shown, no metabolite level was significantly altered in the STK samples compared to CLK samples. Notably, creatinine levels as measured by the mass spectrometer were the same in STK and CLK samples, with a STK/CLK ratio of 1.0 (P ¼ 0.9); we have previously shown that these LC-MS-derived creatinine measures are tightly and linearly correlated with the clinical laboratory measures of creatinine concentration (R 2 $0.9) [1, 14] . Results were largely unchanged in an examination of ARAS patients in the lower half of renal tissue perfusion (by MDCT) or oxygenation (BOLD MRI; Supplementary Digital Content 2, http://links.lww.com/HJH/A450). Finally, select STK/ CLK ratios representative of nitric oxide biology, anaerobic metabolism (glycolysis), and aerobic metabolism (citric acid cycle intermediates and acylcarnitines) are shown in Fig. 3 . No metabolites from these groups reached even nominal significance in the comparison between STK and CLK samples.
DISCUSSION
Metabolomic approaches enable high-throughput, highresolution metabolic phenotyping of human plasma. We performed LC-MS-based metabolite profiling of venous plasma obtained via catheterization of both kidneys from individuals with essential hypertension and ARAS, with the hypothesis that an imbalance in the renal arterial blood flow would manifest as different metabolite signatures in the venous effluent. Whereas the metabolomic profiles indeed differed between patients with essential hypertension and ARAS, few differences were detected between STK and CLK samples, despite adequate power to detect small changes. These results have implications for both the study of human renovascular disease as well as the burgeoning field of renal metabolomics. ARAS is associated with a range of manifestations in the kidney, depending in part on the degree of arterial stenosis. Severe lesions can lead to progressive loss of renal function and interstitial fibrosis in some cases [15, 16] . However, to what extent ARAS results in tissue hypoxia in general remains uncertain [17, 18] . For example, venous erythropoietin levels are not elevated and venous oxygen saturation is not decreased in STK plasma relative to CLK plasma [19] . More recently, we have used BOLD MRI to show that renal tissue oxygenation is generally preserved in STKs compared with CLKs, although some relative hypoxia can be found in the subset of individuals with the most severe lesions [5, 6] . Finally, large randomized controlled trials have found that restoring vessel patency usually fails to restore GFR or reverse inflammatory signaling when compared with medical therapy alone [20, 21] . In the current study, we found similar changes in the renal venous effluent from both STKs and CLKs compared to essential hypertensive individuals in their disposition of more than 270 small molecules which span several axes of renal function, including filtration, metabolism, and tubular secretion [1] . Indeed, the mean STK/CLK ratio of creatinine was 1.0. Further, no pathway-specific metabolite patterns potentially related to tissue hypoxia, even at a nominal P value threshold, were noted. Taken together, these findings are consistent with the view that gradual, moderate reductions in kidney blood flow trigger compensatory mechanisms that preserve tissue oxygenation and maintain renal metabolic functions.
Whereas no metabolite differences were noted between STK and CLK samples, PLS-DA demonstrated a substantial separation of these two groups from essential hypertensive controls. Metabolites that differed between the ARAS kidneys versus the essential hypertensive group include hydroxyproline, a major component of collagen, as well as several related to energy metabolism (glucose derivatives, glycerol, and acylcarnitines). A likely explanation for these differences is the lower total GFR among individuals with ARAS compared with the essential hypertensive controls, as all 15 of the metabolites highlighted by PLS-DA were higher in the ARAS group; several of these metabolites, including 3-ureidopropionic acid, lactose, 4-pyridoxate, quinolinate, homogentisate, and indoxyl sulfate, are established uremic solutes in the literature; and we have previously shown that the majority of these metabolites are significantly cleared by the kidney [1, 14, 22] . Alternatively, unilateral ARAS, or the microvascular disease that exists in the atherogenic milieu of ARAS patients, might induce similar metabolic alterations in both kidneys and within the systemic circulation. Using this same study protocol, we have previously shown that a number of cell adhesion molecules, cytokines, and injury biomarkers such as neutrophil gelatinase-associated lipocalin are disturbed in both STKs and CLKs, consistent with a level of 'cross-talk' between the two sides [7] . Others have shown that both experimental and clinical unilateral ARAS results in increased fibrosis and inflammation in the CLK [23, 24] . Further study will be required to determine whether the metabolites highlighted by our analysis reflect group differences in GFR or whether they report on the presence or absence of ARAS. Recent studies have conducted metabolomic profiling of samples acquired from individuals with kidney dysfunction, with a particular emphasis on peripheral venous plasma and urine. These include cross-sectional studies of chronic kidney disease and end-stage renal disease [25] [26] [27] [28] [29] [30] , as well as longitudinal investigations of outcomes like chronic kidney disease progression and uremic cardiovascular risk [31] [32] [33] . Although these studies shed insight on the metabolic perturbations that arise with renal failure, they are unable to disentangle the relative contributions of diet, comorbidities, medications, and renal function. To that end, we have begun to perform physiologic profiling studies to directly ascertain the human kidney's impact on circulating metabolites, including an assessment of renal arteriovenous gradients made possible by invasive arterial and venous sampling under fluoroscopy [1] . The current study presents an intriguing physiologic model for studying renal small molecule handling, including the opportunity to use each individual as his or her own control as well as the potential to correlate metabolite levels with radiographic measures of kidney size, blood flow, perfusion, and oxygenation. Indeed, our results underscore the importance of selecting appropriate controls in metabolomic studies of renal function -a comparison of venous plasma from STKs alone versus essential hypertensive kidneys only would have been potentially misleading.
Several limitations warrant mention. First, the study size is modest. However, the paired STK versus CLK analyses in individuals with ARAS were well powered to detect small differences. We believe the likelihood of type II error is low, given the paucity of perturbations that reached even a nominal significance threshold. Second, despite the clear differences in renal blood flow between STKs and CLKs, there was no significant separation in perfusion or tissue oxygenation. It is conceivable that perturbed metabolism would accompany overt renal ischemia or hypoxia. Thus, differences between STK and CLK samples might have been identified had the study only included individuals with ARAS severe enough to result in tissue ischemia, although our exploratory subset analyses of individuals with low tissue perfusion and oxygenation did not detect trends for difference. Third, patients with ARAS spanned a broad range of age and changes in kidney size that developed over time; as the precise onset and duration of arterial occlusion is unknown, our study likely subsumes a distribution of renal responses and adaptation to decreased blood flow. Finally, there were relatively more men in the essential hypertensive group than the ARAS group. As sex impacts the circulating metabolite levels [34] , the differences between the essential hypertensive and ARAS groups that we attribute to differences in estimated GFR may in part be because of sex differences; notably, this imbalance does not impact our analysis of STK versus CLK kidney among the ARAS patients.
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